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Abstract 
Our work reports the growth of two-phase (anatase-rutile) TiO2 nanotubes and the investigation of their gas sensing properties. 
Well-aligned and highly ordered nanotubes have been obtained by means of electrochemical anodization method. Depending on 
annealing regimes, the crystal structure of nanotubes was changing from anatase to anatase-rutile mixed structure. Gas sensing 
performances of two-phase titania were not degraded at high working temperatures. 
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1. Introduction 
Wide band-gap semiconducting metal oxides are very attractive materials for application in environmental 
monitoring [1,2]. Under exposure to air, oxygen is adsorbed on the structure surface as anionic species and inducing 
a depletion layer. Due to the formation of depletion layer, the surface potential and the work function of the metal 
oxide are increased reducing its conductivity. Reaction of reducing gases with the adsorbed oxygen species can 
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reverse the band banding consequently increasing the conductivity of the metal oxide [3]. In this case the signal 
transduction and the easiest measurable physical quantity of the sensing device based on metal oxide semiconducting 
material is the sensor conductance. The sensor response towards a target gas concentration is defined as the (relative) 
change of conductance. Starting from the sensor response it is possible to derive the sensor response curve, which is 
the representation of the steady state output as a function of the input concentration [4]. 
Recently TiO2 nanostructures with the different shapes have received extensive attention for gas sensing 
applications due to their unique physical and chemical properties [5,6]. The tubular shape is especially attractive 
since it can provide large surfaces area and improve the interaction between the gas and the structure [2]. Despite 
having the same chemical composition, the differences in the coordination environments, and hence chemical 
bonding, of rutile- and anatase crystallized TiO2 result in very different ionization potentials and electron affinities 
[7]. TiO2 with the anatase (band gap 3.2 eV) crystalline phase has been considered more attractive structure for 
different application compare to rutile (band gap 3.03 Ev) [8]. In contrast to rutile TiO2, oxygen vacancies are not 
stabile at the surface of anatase TiO2 and anatase phase is more reactive in comparison with the rutile. It has been 
also demonstrated that photogenerated conduction electrons in rutile-anatase (two-phase) TiO2 will flow from rutile 
to anatase. [7,7]. Such differences between these two phases can play key role for the conductometric gas sensing 
devices based on TiO2. 
Anatase to rutile phase transition may be achieved by thermal annealing of structure at different temperatures 
(300-600 °C). Amorphous to anatase conversion takes place at 300 °C. At the higher annealing temperatures (≥450 
°C) titania crystallizes in rutile phase [9].  
The working temperature of metal oxide gas sensors ranges between 500 and 800 K in order to keep donor 
oxygen vacancies ionized but fixed [10]. Due to this reason high working temperatures can cause phase transition 
effect in TiO2 and destabilize its sensing performance. To improve the sensing properties of titania at high working 
temperatures, in this paper we demonstrate the fabrication and investigation of gas sensing properties of two-phase 
TiO2 nanotubes. 
2. Experimental 
The structures were obtained by electrochemical anodization of metallic Ti thin films deposited on 2 mm square 
alumina substrates. Deposition of Ti films was performed by means of RF magnetron sputtering. TiO2 nanotubular 
arrays were obtained by means of electrochemical anodization. Anodization was carried out by potentiostatic mode 
at room temperature using a two-electrode configuration. NH4F and H2O contained glycerol was used as electrolyte. 
The applied voltage was 20 V and the anodization time was 30 min. As-prepared samples were crystallized by 
thermal annealing at 400 and 550 °C. Platinum electrodes with interdigital geometry and the heater are deposited by 
means of RF magnetron sputtering on the front and backside of the substrates for the functional measurements. 
Obtained nanostructures were investigated by means of Scanning electron microscopy (SEM) and micro-Raman 
spectroscopy. Micro-Raman spectra were acquired using a 100X objective with laser excitation at 442 nm.  
3. Results and discussions 
As seen in Fig. 1 highly-ordered nanotubes with the average tube diameter of 30 nm are obtained. The distribution 
of the tubes over the substrates is very homogenous. The micro-Raman spectrum of sample annealed at 400 °C (Fig. 
2), showed typical anatase spectrum with peaks at 145, 395, 515 and 630 cm-1. The spectrum of sample annealed at 
550 °C showed the vibration of rutile phase 231, 436, 610 cm-1 and the ones of anatase at 142, 393 cm-1. The signal 
of silicon substrate is also observable at 520.7 and before 1000 cm-1.  
As the operating temperature of the sensors increases there is an increase in the conductance for titania nanotubes 
layer. Furthermore the response towards carbon monoxide, acetone and ethanol increases, as can be noticed looking 
at Fig. 3 and 4.  This is evident especially for acetone, that increases (from 400 to 500 °C) of about 5 times. Fig. 5 
reports the conductance of titania nanotubes layer at a working temperature of 500 °C, 40%RH@20°C as acetone 
square pulses are introduced into the test chamber. The variation of the conductance (Fig 5) shows that the n-type 
TiO2 is the main phase in the nanotube structures indicating a reversible interaction between the nanotubes and the 
chemical species. 
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Fig. 1. SEM micrographs of TiO2 nanotube arrays: (a) cross-section image; (b) surface morphology. 
 
Fig. 2. Raman spectra of samples annealed at 400 and 550 °C. A= Anatase; R=Rutile; *= Si substrate.
 
Fig. 3. Response of titania nanotubes layer at a working 
temperature of 400 °C, 40%RH@20°C, towards 100 ppm of 
carbon monoxide, 50 ppm of acetone and 50 ppm of ethanol. 
 
 
Fig. 4. Response of titania nanotubes layer at a working 
temperature of 500 °C, 40%RH@20°C, towards 100 ppm of 
carbon monoxide, 50 ppm of acetone and 50 ppm of ethanol.
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Fig. 5. Conductance of titania nanotubes layer at a working temperature of 500°C, 40%RH@20°C as acetone square pulses are introduced into 
the test chamber.  
4. Conclusion 
Two-phase TiO2 nanotube arrays have been obtained by means of anodization of metallic titanium films followed 
by post-growth annealing. Structural analysis of the samples confirm the presence of anatase and rutile phases in the 
structure. Degradation effect of the structures’ functional properties have not been detected at high working 
temperatures (500 °C) where the material is mostly sensitive to gaseous species. 
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